The ubiquitin proteasome system (UPS) participates in many biological processes ranging from cell cycle and antigen processing to cellular defense and signaling. Work of the last decade has made it evident that the UPS is involved in many sperm-related processes leading up to and as part of fertilization. The current knowledge of UPS involvement and changes during sperm capacitation are reviewed together with a list of known proteasome-associated sperm proteins and a discussion of the relationships between these proteins and the proteasome. Proteasomal inhibitors such as MG-132 and epoxomicin significantly alter capacitation and prevent acrosome reaction. The 26S proteasome degrades AKAP3, an A-kinase anchoring protein, partially regulating the release of protein-kinase A (PKA), a vital component necessary for the steps leading up to capacitation. Further, changes occur in 20S core subunit localization and abundance throughout capacitation. Proteasome-interacting valosine-containing protein (VCP) undergoes tyrosine phosphorylation; however, its physiological roles in capacitation and fertilization remain unknown. The E1-type ubiquitin-activating enzyme (UBA1) inhibitor PYR-41 also alters acrosomal membrane remodeling during capacitation. Furthermore, after capacitation, the acrosomal proteasomes facilitate the degradation of zona pellucida glycoproteins leading up to fertilization. Methods to modulate the sperm proteasome activity during sperm storage and capacitation may translate to increased reproductive efficiency in livestock animals. Human male infertility diagnostics may benefit from incorporation of research outcomes built upon relationships between UPS and capacitation. Altogether, the studies reviewed here support the involvement of UPS in sperm capacitation and present opportunities for new discoveries.
INTRODUCTION
It is well established that the ubiquitin proteasome system (UPS) has a role in many biological processes such as antigen processing, cell cycle, cellular defense, signaling, and transcription [1, 2] . The ubiquitin proteasome system also supports the spermatozoa's ability to fertilize an oocyte, more specifically in the capacitation process; however, much remains to be understood [3] . Data from various mammalian and nonmammalian models now unequivocally support the involvement of the UPS in the regulation of multiple steps in the cascade of fertilization events [4] [5] [6] [7] [8] [9] [10] . Collectively, such studies brought together the novel concept of an extracellular UPS, which has since been described outside of the reproductive system (reviewed in [11, 12] ). The present minireview focuses on the role of the 26S proteasome and UPS in general in the process of mammalian sperm capacitation, which releases spermatozoa from the oviductal sperm reservoir within the female reproductive tract and endows them with the competence to fertilize an oocyte. It has become increasingly clear that proteasomal inhibitors such as MG-132 and epoxomicin significantly alter capacitation and prevent acrosome reaction. The 26S proteasome is involved in and affected by various aspects of capacitation, as reviewed in the following paragraphs.
SPERM RESERVOIR OVERVIEW
It is important to consider how the in vivo environment might interact with the 26S proteasome in events initiating and during capacitation. With that in mind, the oviductal sperm reservoir aids in reducing polyspermy and helps establish a sequential release of freshly capacitated spermatozoa. Spermatozoa bind to oviductal epithelial cells within the sperm reservoir located near the isthmus in most mammalian species. Species-specific carbohydrate residues on the oviductal cells and seminal plasma proteins coating the sperm head surface (spermadhesins and binder of sperm proteins [BSP] ) mediate this binding, and their release is modulated by the timing of ovulation (reviewed in [13, 14] ). The precise mechanism for sperm binding to and release from the reservoir is not well understood but is thought to correlate to sperm capacitation [15, 16] . Related hypotheses postulate that: 1) sperm release is coordinated with loss of the aforementioned sperm surface proteins by proteolysis and/or by shedding from plasma membrane [17] , 2) the increase in spermatozoa motility to a hyperactivated state allows for release by shear force [18] , 3) carbohydrate residues on the epithelial cell surface are degraded by glycosidase enzymes present in oviductal fluid around the time of ovulation [19] [20] [21] , and 4) spermadhesins and other oviduct-secreted glycoproteins may compete with sperm binding of other oviductal carbohydrates [22] ; however, additional follow up studies should be performed. In our view, such hypotheses are not mutually exclusive, and a synergy between said mechanisms may exist.
CAPACITATION OVERVIEW
The prevailing view attributes sperm release from the sperm reservoir to sperm capacitation. The acquisition of fertilizing potential by spermatozoa is attained in the epididymis, but the actual ability to fertilize is functionally suppressed until capacitation [23, 24] . Capacitation is a series of biochemical and biophysical alterations to the spermatozoa that increase intracellular pH, increase fluidity of cell membranes, increase amplitude and pattern of motility, and initiate a complex signal transduction pathway, including dramatic up-regulation of protein tyrosine phosphorylation [25] . This essential (for fertilization) structural and functional remodeling prepares the spermatozoa for interaction with the cumulus-oocyte complex and to undergo acrosomal exocytosis (AE) [26] . Capacitation can be delayed but is not fully reversible, and once initiated, it predestines spermatozoa toward cell death unless they reach the oocyte [27] .
Capacitation begins with the removal of decapacitation factors. Candidate decapacitation factors include the spermadhesins AQN and AWN in the pig [28, 29] , DF glycol protein [30] , phosphatidylethanolamine binding protein 1 (PEB1) [31, 32] , sperm antigen 36, CRISP1 [32] , plasma membrane fatty acid binding protein (PMFAB) [32] , seminal vesicle secretory protein 2 (SVS2) [33, 34] , and SERPINE2 [35] in the mouse, and NYD-SP27/PLCZ1 in the mouse and humans [36] . Some of these proteins are components of the seminal plasma fraction of semen [28] , and others are of testicular origin and located on the outer acrosomal membrane. Removal of decapacitation factors triggers a cascade of events starting with an efflux of cholesterol from the sperm plasma membrane [37] . Removal of cholesterol modulates an influx of bicarbonate and calcium that regulates the activity of sperm-soluble adenylyl cyclase (SACY) to increase intracellular cAMP [38, 39] . An increase in cAMP activates protein kinase A (PKA), which phosphorylates protein tyrosine kinases (PTK) to an activated state and protein tyrosine phosphatases (PTP) to an inhibited state. This accelerates protein tyrosine phosphorylation in the sperm head and tail-a hallmark of sperm capacitation [40, 41] .
UBIQUITIN PROTEASOME SYSTEM OVERVIEW

Conventional UPS
The conventional UPS covalently modifies substrate proteins with multi-ubiquitin chains and targets them for degradation by the 26S proteasome, a holoenzyme made up of a 19S regulatory complex/particle (RP) and 20S core (Fig. 1) , each composed of multiple proteasomal subunit proteins. Both ATP-dependent and non-ATP-dependent subunits make up the 19S RP. Particular non-ATPase subunits, PSMD4 and ADRM1, recognize ubiquitinated proteins [42] , and ATPase subunits rotate and regulate protein entrance into the 20S core [43, 44] . Among the non-ATPase subunits, deubiquitinases PSMD7 and PSMD14 [45, 46] release ubiquitin molecules/ chains tagged to proteins, after which the substrate protein can enter the 20S core and be degraded [42] .
The UPS Has a Conserved, Essential Role in the Fertilization Process
Initial work on sperm proteasome was done in the ascidian [4] , echinoderm [6] , human [47] , and porcine [5, 48] models; however, since 2000, there has been a substantial amount of work undertaken in other mammals and even in birds and plants. The original ascidian studies showed that trypsin-like and chymotrypsin-like activities of sperm protease(s) were required for fertilization [49] because when these activities were inhibited, spermatozoa were unable to penetrate the vitelline coat of the oocyte [50] . Later, the trypsin-like enzymes involved in fertilization were identified as sperm acrosin and spermosin [50] , and the chymotrypsin-like enzymes were identified as sperm proteasome subunits [4, 9, 10] . The research on extracellular UPS in mammalian gametes revealed that proteasomes have an essential role in reproduction, ranging from sperm quality control mechanisms in the epididymis [51] to steps involved with sperm capacitation events [52] (Fig. 2) and assisting with sperm-zona pellucida (ZP) penetration [5, 53, 54] .
THE 20S PROTEASOME DURING SPERM CAPACITA-TION
Relationship Between Proteasome, PKA, and Sperm Capacitation Proteasomal inhibitors, MG-132 and epoxomicin, block the chymotrypsin-like activity of human sperm proteasome in a reversible fashion and significantly alter sperm capacitation in vitro [52] . The chymotrypsin-like activity of the sperm proteasome is also reduced in the presence of the inhibitors of protein kinase A and protein tyrosine kinases while PKA activators have significantly increased the chymotrypsin-like activity of the sperm proteasome [52] . These studies also showed that sperm capacitation is accompanied by massive phosphorylation at serine/threonine and tyrosine residues of several sperm proteasome subunits and a slightly increased phosphorylation at serine residues. These findings imply that the sperm proteasome is involved in the capacitation process. A relationship is also implied between sperm PKA activity and proteasomal proteolysis. Once activated by PKA, the proteasome could directly or indirectly modulate substrate protein phosphorylation at serine and threonine residues through a feedback loop; such a mechanism is presently under investigation. Studies also suggest the proteasome may be involved in the degradation of threonine kinases during capacitation and of several proteins that undergo phosphorylation at threonine residues [52] .
Regulating the sequestration and activity of sperm PKA, AKAP3 [55] is one of the compartmentalized A-kinase anchoring proteins (AKAPs) found in the sperm tail structures that also contain proteasomes [56] . Proteasome inhibition by MG-132 prevented the PKA-induced proteasomal degradation of AKAP3 during bull sperm capacitation. However a related protein, AKAP8 (synonymous with AKAP95) was not degraded, suggesting that AKAP3 degradation is likely to be specific and has a physiological importance in capacitation [57] . This finding also indicates that proteasomal activities toward AKAPs may be regulated by diverse mechanisms in the KERNS ET AL. sperm tail and sperm head, where some AKAPs localize to the proteasome-rich acrosomal region [58] . At present, it is not clear whether AKAP3 and other proteasome-targeted AKAPs are constitutively ubiquitinated prior to capacitation or become ubiquitinated by the spermatozoon's intrinsic UPS during capacitation. Toward this end, we have demonstrated that boar sperm extracts are capable of substrate ubiquitination in a cellfree system and that the sperm acrosome contains RING-finger ubiquitin ligase UBR7 [59] .
Phosphorylation of UPS Proteins During Sperm Capacitation
As aforementioned, protein phosphorylation is a key step associated with sperm capacitation. Spermatozoa undergo phosphorylation through the activation of cAMP-dependent pathways [60] . The valosine-containing protein (VCP or p93), a sperm-borne protein dislocase capable of extracting and serving ubiquitinated membrane proteins to the 26S proteasome, undergoes tyrosine phosphorylation in the presence of cAMP-elevating drugs [61] . VCP is involved in a diverse number of cellular functions that are possibly linked to its role in membrane fusion [62] and proteasomal presentation of ubiquitinated proteins [63] . Immunofluorescence localization in capacitated boar spermatozoa identified tyrosine phosphorylated VCP to be most concentrated in the sperm tailconnecting piece, with the nonphosphorylated VCP in the distal equatorial segment, postacrosomal sheath, posterior ring, and the flagellum [61] . At this point, the physiological roles of VCP in sperm capacitation and fertilization are not known; however, our preliminary data suggests that it might have a role with events leading to acrosomal remodeling (Kerns et al., unpublished results). Other UPS-related proteins phosphorylated during capacitation include ubiquitin-activating enzyme E1 (UBA1) [64] , ubiquitin specific protease 38 [64] , alpha-type proteasomal subunits 6b/PSMA1-like [65] and alpha type 2/ PSMA2 [66] , and ubiquitin itself [67] .
20S Core Subunit Phenotype Changes During Capacitation
Changes in the localization and accessibility (to antibodies) of the 20S core subunits occur following boar sperm capacitation; immunofluorescent-labeling intensities of subunits alpha type 3 (PSMA4), beta type 6 (PSMB1) precursor, and beta 2i (PSMB10) increase [68] . The increased exposure of the two beta-type proteins, both of which are proteases of the 20S core, might reflect their enzymatic activation and thus play a direct role in the maintenance of cellular homeostasis through proteasomal degradation of sperm proteins during capacitation. Interestingly, labeling with antibodies against the 20S core as a whole show decreased fluorescence intensity after capacitation. This could be because the antibody used in the study was raised against human antigen and did not recognize porcine PSMA4 and PSMB1 subunits [68] , or the proteasomes could have been lost from some spermatozoa due to premature AE during capacitation. [12] and modified in accordance with [44, 98, 99] .
PROTEASOME DURING SPERM CAPACITATION
Differences in the Amounts of UPS-Related Proteins in the Anterior Head Plasma Membrane
As earlier stated, the process of capacitation is marked by an increase in fluidity of cell membranes. This allows for the relocation of proteins between the sperm head compartments. A study done by tandem mass spectrometry identified proteins of the pig sperm anterior head plasma membrane that showed an increase in abundance after capacitation [69] . The ubiquitinated protein content of the anterior head plasma membrane decreased by a third after capacitation, while there was a parallel increase in the sperm affinity for zona pellucida 3 glycoprotein (ZP3). Other UPS-related proteins that showed an increase in affinity for ZP3 included the non-ATPase 19S regulator subunits 7 (PSMD6) and 2 (PSMD1), and 20S core subunit beta type I (PSMB6) precursor, with ubiquitin domaincontaining protein I showing a decreased affinity [69] . Noticeably, several of the proteins that changed localization or intensity, such as lactadherin MFGE8 and ACRBP were shown to copurify with the GFP-tagged sperm proteasomes in a transgenic GFP-PSMA1 pig model [70] . A related previous study of human sperm acrosome identified the 26S proteasome as one of three components of a multimeric protein complex responsible for the capacitation-activated sperm-zona binding [71] .
Requirement of Ubiquitin-Activating Enzyme (UBA1) for Sperm Capacitation
The E1-type ubiquitin-activating enzyme (UBA1) is responsible for mono-ubiquitin activation prior to ubiquitinubiquitin and ubiquitin-substrate protein ligation [72] . The outer acrosomal membrane remodeling of boar spermatozoa is altered under capacitating conditions with small molecule UBA1 inhibitor PYR-41. These spermatozoa remain motile but unable to fertilize in vitro [73] . Attempts to capacitate spermatozoa under such UBA1-inhibiting conditions induced modifications to acrosomal proteins, acrosin-inhibitor SPINK2 and spermadhesin AQN1, that are consistent with the inhibition of their degradation/shedding [73] normally observed during capacitation [29] . Of note, porcine sperm AQN1 co-immunoprecipitates with the 19S regulatory complex subunit PSMD8 [74] and SPINK2 with 19S subunit PSMD4 [75] . Such interactions of the seminal plasma-derived acrosomal surface proteins with the sperm proteasome may be possible due to the translocation of the proteasome-containing zona-binding complexes evoked by aforementioned studies of human sperm capacitation [71] . Recent observations also indicate the presence of UBA1 in human spermatozoa and an increased presence of polyubiquitinated proteins during capacitation of human spermatozoa (Morales et al., unpublished results).
FIG. 2. Summary of 26S
proteasome-regulated events of sperm capacitation. Removal of decapacitation factors triggers a cascade of events starting with an efflux of cholesterol from the sperm plasma membrane and bicarbonate and calcium influx, increasing intracellular pH to activate a soluble sperm adenylyl cyclase (SACY) responsible for increasing intracellular cAMP. An increase in cAMP activates protein kinase A (PKA), which phosphorylates protein tyrosine kinases (PTK) to an activated state and protein tyrosine phosphatases (PTP) to an inhibited state. Once activated by PKA, the 26S proteasome could directly or indirectly modulate substrate protein phosphorylation at serine and/or threonine residues. An acceleration of protein tyrosine phosphorylation occurs, a hallmark of sperm capacitation. During capacitation, the A-kinase anchoring protein 3 (AKAP3) is degraded by the proteasome. The E1-type ubiquitin-activating enzyme (UBA1) has been shown to play a role in modifying acrosomal proteins during capacitation, including acrosininhibitor serine peptidase inhibitor Kazal type 2 (SPINK2) and spermadhesin AQN1, possibly leading up to acrosomal remodeling. It is plausible to contemplate that the sperm proteasome might have a role in the capacitation-induced release of acrosomal surface proteins such as binder of sperm 3 (BSP), and in the dissociation with the oviductal epithelium sperm reservoir. Valosine containing protein (VCP or p93) is a protein dislocase capable of extracting and serving ubiquitinated membrane proteins to the 26S proteasome. The VCP has been shown to undergo tyrosine phosphorylation during capacitation. Further, preliminary data suggests VCP might have a role with events leading up to acrosomal remodeling. Previous studies suggest the proteasome is involved in events leading to acrosome exocytosis (AE), likely upstream of progesterone-induced Ca 2þ influx. Following AE, proteasomal subunits PSMD6, PSMD1, and PSMB6 show an increased affinity for zona pellucida 3 glycoprotein (ZP3). Although they may or may not to be required for sperm-zona binding depending on the species, the sperm proteasomes are necessary for sperm-zona penetration.
KERNS ET AL.
Proteasomes Are Required for Acrosomal Remodeling
Proteasomal activity appears to be necessary for AE in a number of mammalian species. Proteasomal inhibitor epoxomicin inhibited the progesterone-induced AE of capacitated bull spermatozoa [76] . When such spermatozoa were used for in vitro fertilization, there seemed to be a time-dependent effect of incubation with epoxomicin on their ability to undergo the zona oocyte-induced AE in which there was a point of no return. Specifically, 30 min of inhibitor incubation prior to fertilization decreased fertilization by more than 60%, as measured by embryo cleavages, while 60 min of incubation with inhibitor resulted in an 85% decrease [76] . In humans, a pulse and chase experiment with spermatozoa bound to the human ZP revealed striking differences in the percentage of AE between control spermatozoa and those treated with lactacystin, a proteasome inhibitor. While in control spermatozoa, the percentage of AE increased by 265% after the chase; the percentage of AE in the lactacystin-treated spermatozoa after the chase increased only by 137% [47] . Similar results were found when AE was induced with recombinant human zona proteins ZP3 and ZP4 [77] . Proteasome inhibitors also blocked the progesterone-induced AE, although lactacystin treatment was unable to block the ionophore-induced AE [47] . In addition, lactacystin interfered with the progesterone-induced Ca 2þ entry into the spermatozoa. These observations suggest that proteasome's role in AE is upstream of calcium influx. In the mouse model, spermatozoa treatment with proteasomal inhibitors lactacystin or epoxomicin markedly decreased in vitro fertilization rates [78] . This inhibition was due to the fact that proteasomal inhibitors reduced the ZP-and progesteroneinduced AE. Of note, sperm treatment with proteasome inhibitors did not interfere with binding to intact human ZP [47, 79] or with binding to recombinant human ZP proteins [77] . A similar observation was made in the pig model [5] , where proteasome inhibitors and antibodies were used to interfere with proteasome function during in vitro fertilization. These results differ from those reported by Redgrove et al. [71] , who stated that sperm incubation with anti-a3 or anti-b1 proteasome subunit antibodies inhibited human sperm binding to homologous intact ZP. These differences suggest that the catalytic site of the sperm proteasome is not required for zona binding but is needed for zona penetration/degradation, or that there are species differences. In support of the latter is the observation in the mouse model that proteasome inhibitors decreased sperm binding to the mouse ZP [78] . It is thus possible that involvement of proteasomal proteolysis in AE starts with acrosomal remodeling during capacitation that primes spermatozoa for AE, in addition to enabling acrosomal vesiculation and acrosomal shroud formation during AE [26, 80] . Proteasomal inhibitors also block the calcium influx needed for AE in marine invertebrates [81] .
Decreased Proteasomal Enzymatic Activity in Infertile Men
Consistent with the proposed role of proteasomes in the regulation of spermiogenesis, sperm capacitation, and sperm motility, asthenozoospermia and teratozoospermia in infertile men are accompanied by reduced sperm proteasomal enzymatic activity, compared to fertile men [82, 83] , and downregulation of proteasome activator subunit 4 (PSME4) gene expression in teratozoospermic men [84] . Furthermore, proteasomal enzymatic activities are significantly lower in subpopulations of morphologically abnormal spermatozoa recovered from samples from otherwise healthy donors [82] . There was a positive correlation between sperm proteasomal enzymatic activity and sperm motility and normal morphology after sperm separation by a discontinuous Percoll gradient [82] . It is generally accepted that low motility and poor sperm morphology result in decreased fertilizing ability in vivo and in vitro. It is unclear whether such spermatozoa fail to undergo capacitation and/or AE, and if such a failure is linked to decreased proteasomal enzymatic activity. Finally, it has been shown that seminal plasma from infertile patients contains antibodies against antigens present in the sperm plasma membrane. Some of these antigens have been identified as proteasome subunits [85] . Therefore, the presence of antibodies against proteasomal subunits may be a cause of infertility.
Method for Increasing Sperm Proteasome Activity, Storage Viability, and ZP Penetration Proteasomes depend on ATP for their structural integrity and function. Due to the proteasome exposure on the sperm surface, depletion of extracellular ATP by purified apyrase interfered with sperm proteasome function and fertilization of ascidian [86] and porcine [87] oocytes. Conversely, addition of extracellular ATP stimulated sperm motility and fertilizing ability in vitro [88] . An enzymatic pathway for the metabolism of inorganic pyrophosphate (PPi), which can provide an alternative ATP source under certain physiological or pathological conditions, has recently been discovered in mammalian spermatozoa [89] . The addition of PPi to boar sperm media increased the chymotrypsin-like activity of the proteasomal core [89] . Furthermore, or perhaps for that same reason, PPi enhanced boar sperm viability during storage and ZP penetration during fertilization [89] . In this environment, PPi acts as a substitute for ATP; PPi is relatively more stable and less volatile than ATP, serving as a potent alternative source of energy [90] , which could be used as an additive to fertilization media or semen extenders for artificial insemination. Elements of the PPi-metabolizing pathway have been detected in the sperm tail-connecting piece, sperm head postacrosomal sheath, equatorial segment, and overlapping the distal part of the sperm acrosome. This pathway may thus support protein phosphorylation during sperm capacitation. Because up-regulation of the ATP-dependent pathways can have off-target effects other than increasing proteasome activity, further research should be pursued to identify if more specific downstream substrates could increase proteasome activity without off-target effects or identify if these off-target effects are substantial enough that they require avoidance.
Fibronectin (FN1), a protein found in the extracellular matrix of the cumulus oophorus of the human oocyte, has been found to increase the chymotrypsin-and trypsin-like activity of the sperm proteasome regardless of capacitation state [91] . Additionally, FN1 increased the tyrosine phosphorylation of several proteasomal subunits. Interestingly, FN1 has recently been localized to the anterior head plasma membrane of boar spermatozoa, where the protein showed affinity toward ZP3 glycoprotein prior to capacitation but not after capacitation [69] .
AREAS FOR FUTURE EXPLORATION
Unresolved Issues
The role of VCP in the cAMP-dependent protein tyrosine kinase pathway needs further exploration as well as the direct and indirect activity of sperm-borne protein kinases. Further understanding of sperm proteasome subunit composition should be explored due to the possibility of testis/germlinespecific subunit variants as well as their role in the regulation of the events leading to capacitation. Proteomic analysis of PROTEASOME DURING SPERM CAPACITATION spermatozoa from a transgenic pig with GFP-tagged proteasomal subunit alpha 6 (PSMA1) identified a number of proteins that copurified with the GFP-tagged sperm proteasomes; many of them associated with the sperm acrosome [70] . A list of these proteins and proteins from additional studies that may be interactors or substrates of the sperm proteasome during capacitation is compiled in Table 1 ; their relationship with the UPS and sperm capacitation should be further explored. Identification of further proteasome substrates should also be pursued via methods such as co-immunoprecipitation, protein microarrays, ubiquitome profiling using shotgun proteomics, and bioinformatics predictions.
The aforementioned, recently identified multimeric, proteasome-containing protein complex expressed on the surface of human spermatozoa is tyrosine phosphorylated during capacitation. Immunofluorescence imaging localized the 20S core subunits along the flagellum and in the peri-acrosomal region of the sperm head. This complex possesses the zona adhesion affinity confirmed by the reduced binding to oocytes in the presence of antibodies against subunits of the 20S proteasome [71] . Several other papers have confirmed the sperm proteasome-ZP interaction [47, 53, 74, 78] ; however, the reason for certain proteasomal subunits migrating differentially on PAGE/Western blot before versus after capacitation has not been investigated. The cause for this could be due to stable interactions between individual subunits and/or to their posttranslational modifications [71] . Proteasome research in other tissue types has shown that tyrosine phosphorylation of certain subunits can shift substrate specificity and such should be further explored in the proteasome of spermatozoa [92, 93] .
The role of the UPS in the possible release of capacitated spermatozoa from the oviductal sperm reservoir should be further researched. In the cow, oviductal receptors for sperm have tentatively been identified as annexin proteins [94] ; however, the annexin sperm receptor itself might not be responsible for release of capacitated spermatozoa. In vitro observations of a rapid loss of spermadhesin AQN1 from the boar sperm plasma membrane [29] and rapid loss of the BSP from capacitating bull spermatozoa [95] are thought to be contributing to the release of capacitated spermatozoa from the sperm reservoir. It has been demonstrated that after the loss of BSP following capacitation, bull sperm show reduced binding to oviductal epithelium [15] . Furthermore, BSP3 appears to be proteolytically cleaved at the N terminus, as observed by reduced size molecular mass on Western blots and confirmed by mass spectrometry. It is speculated that this proteolytic cleavage could originate from sperm surface proteases [95] . Beside whole protein shedding and cleavage by single molecule proteases, a role for the sperm proteasomes in the capacitation-induced release of these acrosomal surface proteins should be contemplated. A recent report indicates that the acrosomal AQN1 is ubiquitinated, and one can speculate that this protein is degraded by proteasomes, facilitating the release of spermatozoa from the sperm reservoir upon capacitation [74] .
Application and Implications
There are many areas of application of spermatozoa UPS research. These include human infertility diagnostics detecting proteasomes and measuring proteasomal activity with specific fluorometric substrates and the treatment for proteasomeassociated male infertility by addition of proteasome stimulators to sperm and fertilization media. Although little is known about proteasomal proteolysis specifically at the time of sperm capacitation, a recent study shows that proteasomal proteolysis of sperm-borne ubiquitinated proteins occurs posttesticularly, during epididymal sperm maturation [96] . Furthermore, multiple ubiquitin-ligases and deubiquitinases have been identified in the ejaculated mammalian spermatozoa that could support posttesticular ubiquitination and turnover of sperm proteins [59, 97] . Reproductive performance of livestock species could be improved by limiting unwanted spontaneous capacitation, selecting breeding sires by their sperm proteasome activity, developing media, extenders, and cryoprotectants with proteasome-stimulating components to increase conception after artificial insemination with cryopreserved semen, and improving sperm viability after semen sexing while reducing the number of spermatozoa per dose to use higherpercentile genetics in the production systems. The discovery that PPi increases proteasomal-proteolytic and deubiquitinating activities serves as an example of semen extender supplements that can be utilized to increase sperm viability during processing, storage, and postcryopreservation.
CONCLUSIONS
Studies reviewed here establish the role of UPS in spermatozoa capacitation as substrates and/or regulators, but leave many questions unanswered. The UPS's role is established in the capacitation-associated surge of sperm protein phosphorylation as well as a bidirectional relationship to PKA. Ubiquitin-activating enzyme UBA1 appears to play a role in the remodeling of the outer acrosomal membrane. The 26S proteasome appears necessary for both the capacitationinduced remodeling of acrosomal surface and AE itself in certain species, and the teratozoospermic/astehnozoospermic human spermatozoa have decreased proteasomal enzymatic activity. Furthermore, ubiquitin presence or availability in the anterior head plasma membrane decreases after capacitation and ubiquitin along with other UPS-related proteins show an increased affinity for ZP3 after this hallmark event. Many such mechanisms remain poorly understood and should be further explored. These include determining the relationship between the proteasome and proteins listed in Table 1 , substrates degraded by proteasomes during capacitation, the mechanism responsible for anchoring proteasomes to acrosomal membranes, and the role of protein dislocase VCP in the regulation of proteasome activity during capacitation.
